An experiment is currently being conducted at the University of Notre Dame to investigate the interactions, and ultimately the instabilities, that persist in a four-vortex wake. A wake consisting of four trailing vortices was created in Notre Dame's atmospheric boundary layer wind tunnel. The advantage of this tunnel is the long test section, which permits the observation of wake interactions at distances up to thirty wake-spans downstream of the point of generation. The wake was created by four high aspect ratio wing models such that the circulation strength and the spacing between each vortex in the wake may be controlled. The principle aim of this study is to experimentally determine the optimal configurations, based on circulation strength and spacing, that are consistent with the rapid amplification of certain wake vortex instability modes. The primary method for evaluating the experimental facility has been flow visualization. Helium bubbles were introduced into the core region of individual vortices to visualize these wake structures. This paper presents some early results from the visualization of the four-vortex wake. These results suggest that the use of helium bubbles is a suitable method for visualizing wake vortices for the full length of the test section. 
Nomenclature

AR
= aspect ratio b = wing span b 1 = outer vortex span b 2 = inner vortex span k = wavenumber Re = chord based Reynolds number U ∞ = free-stream velocity V θ = swirl velocity V θ,max, V 1 = maximum tangential velocity x = axial coordinate y = spanwise coordinate z = vertical, flow-normal coordinate 
I. Introduction
ll aircraft create a trailing vortex wake that can persist for many miles behind the generating aircraft, depending on atmospheric conditions. This trailing vortex wake is potentially a flight safety hazard to other aircraft that may pass through the wake. The most likely chance of an airplane encountering the wake of another airplane is when the airplane is flying in the terminal area. This is due to the fact that aircraft are in close proximity to one another and fly through identical flight corridors during take off and landing. Operational procedures have been developed to minimize the potential hazard of a vortex wake encounter. These procedures include segregating aircraft by size, controlling take off and landing flight paths and maintaining a safe separation distance between aircraft based on the weight of the lead aircraft. Because of the uncertainty in knowing where the vortices are located relative to the flight path, as well as their strength, the separation distance criteria selected is overly conservative in order to ensure aircraft safety. However, the conservative separation criteria places limits on aircraft traffic capacity at many major airports.
Research in Europe and the United States has focused on increasing airport capacity by minimizing the wake vortex hazard. These research programs can be divided into two categories, vortex detection and vortex alleviation. The vortex detection program deals with developing the technology for systems that can be used to safely reduce aircraft spacing when the vortices are not a hazard to following aircraft. The objective of the detection system is to be able to locate the trailing vortices relative to the glide slope, and then assess the potential hazard the wake may pose to a following aircraft. To accomplish this task, the system must locate the wake, predict its future trajectory, assess the extent of decay and then provide a recommendation as to whether aircraft separation can be safely reduced. The second program deals with vortex alleviation research. Basically the goal here is to create a trailing vortex wake that is less dangerous. To accomplish this task, researchers have been examining various concepts that can excite instabilities in the wake that lead to a more rapid decay of the system than would occur naturally.
The focus of the proposed paper will be on vortex alleviation by exciting wake instabilities that can cause a rapid demise of the trailing vortex system. Specifically, the paper will discuss the development and validation of a research facility to study the parameters that are necessary to destabilize a wake consisting of four vortices
II. Background
The trailing vortex wake can be divided into near-field and far-field regions. In the near-field region, the wake is characterized by the roll-up of the vorticity shed from the wing trailing-edge and the merging of co-rotating vortices. In the near-field region the wake experiences very little decay. Early experiments to understand the decay process of the trailing vortex wake showed several interesting features. Ciffone and Orloff 1 found that the maximum circumferential velocity within the vortex at first remained relatively constant with time and then decayed inversely with the square root of time. Figure 1 shows a plot of Ciffone and Orloff's data as a function of a non-dimensional distance behind the generating wing. The constant or plateau region is clearly evident prior to the beginning of the decay process.
These experimental findings prompted J. D. Iversen 2 to develop a correlation function based on a self-similar variable-eddy viscosity decay model. Iversen used the derived correlation function with a series of wind tunnel, towing tank and flight test measurements.
All the experimental data were obtained under calm atmospheric conditions or in a low turbulence wind or water tunnel facilities. The scaling parameters were found to collapse the data from flight test and ground based experiments as illustrated by Figure 2 . Later, Nelson and Tartaglione 3 used Iversen's approach to correlate a series of experiments conducted by the Federal Aviation Administration (FAA) at the National Aviation Facilities Experimental Centre (NAFEC) in the 1970s. The FAA conducted a series of experiments to measure the wake behind various transport aircraft using an instrumented tower. Hot film sensors mounted on horizontal booms that were located at various vertical spacings along the tower. The sensors were used to measure the velocity through the vortex system. Figure 3 shows an excellent correlation of the NAFEC data using Iversen's scaling parameters. As indicated by these figures the decay of the trailing vortex wake is quite slow; however, it must be noted that the data included in these figures was generally taken when the atmosphere was calm.
Fortunately, atmospheric conditions such as turbulence influence the trajectory and rate of decay of the vortices. As indicated by the work of Iversen, the trailing vortex wake decays quite slowly in a calm atmosphere. Figure 4 is a picture of the trailing vortex wake that has been marked with smoke. The wake is clearly undergoing a significant distortion due to atmospheric disturbances. The perturbations created by the atmospheric gusts and turbulence are known to excite instabilities in the trailing vortex wake that can cause the wake to decay more rapidly than that which would occur by viscous diffusion.
The existence of vortex instabilities in aircraft wakes has been the subject of numerous investigations. The most notable is the landmark analysis conducted by Crow 4 . He showed that a perturbed vortex pair would exhibit a long wave length instability that is amplified by the mutual induction of one vortex on another. Crow suggests, through the use of a two-vortex model, that wake vortices exhibit sinusoidal motions that are generally confined to fixed planes, inclined to the horizontal. He also found that the spacing between the vortices was an important factor in the growth of the instability. Crow and Bate 5 extended Crow's theory to include perturbations caused by atmospheric conditions. It was further suggested that the time to vortex linking is a function of the effective span of the vortices. Today this type of instability is called the Crow instability.
The Crow instability can be observed in the contrails of jet transports at cruise altitude on a clear day. At some distance behind the aircraft the wake begins to oscillate in a sinusoidal manner. The amplitude grows with increasing time (distance behind the generating aircraft) until the vortices pinch together to form a series of vortex rings. Figure 5 is a photograph from Smith and Beesmer 6 that shows the various stages of the Crow instability. This figure shows the growth of the Crow instability as a function of time. The photographs are arranged with the youngest wake at the top and increasing time as one looks down the figure.
The vortex rings are the last stage of the instability and it is often suggested that the rings decay rapidly. This argument is largely due to the disappearance of the rings in the contrail pattern. Unfortunately, there is no theoretical or experiment proof to support this observation. However, from flight test experiments of aircraft penetrating a trailing vortex system in the final stages of the Crow instability, i.e. vortex rings, the vortex induced rolling moment was found to be markedly reduced in magnitude 7 .
The reduction in the vortex induced roll moment is to be expected due to the orientation of the vortex rings. Shortly after the ring formation, they align in a nearly vertical incline to the original plane of the vortex wake. An encounter with vertically aligned rings would not produce a significant rolling moment on a following aircraft. However, as Brown 8 has shown, these vortex rings may potentially cause another serious problem, namely that of large induced loads on the vertical tail. The vertical orientation of the rings can cause large side loads that can change direction on the vertical tail as the penetrating aircraft moves through the rings.
Another form of wake vortex instability has also been suggested as a candidate for aircraft wake attenuation 13, 14 . The Rayleigh-Ludwieg instability is a centrifugal form of instability that occurs naturally for two unbent, parallel vortex lines of opposite rotation. The original analysis 15 was completed for rotating annular pipe flow, but was later generalized 16, 17 to include free-vortex flows. The Rayleigh-Ludwieg instability is recognized by a destabilizing centripetal force of greater magnitude than the restoring pressure force, resulting in the rapid expansion of the vortex core and the diffusion of vorticity in the wake. Studies in Europe, particularly at DLR in Germany indicate that this form of instability is feasible for aircraft trailing vortex wake attenuation.
There have been a number of recent studies that have investigated the instabilities that persist in a four-vortex wake, both experimentally 13, 14, [21] [22] [23] [24] [25] [26] and numerically 9, 10, 18, 20 . These studies have also suggested the growth of the wake instability is a function of the circulation strengths of each of the vortex pairs. Several control methods have also been suggested as a result of these studies.
An experimental study by Ortega et al 24 examined the wake of a wing with triangular shaped flaps on the outboard sections of a rectangular wing. This configuration was intended to generate two pairs of counter-rotating vortices to hasten an instability similar to that which was described by Crow 4 . Data was taken using particle image velocimetry and flow visualization was completed using dye in a tow tank.
Three configurations were tested in the flow visualization experiment. The first of the three wings was of rectangular planform. The second and third wings that were tested were outfitted with the triangular flaps on the outboard sections of each wing. Dye flow visualization in the tow tank facility showed that the weaker flap generated vortices tends to 'orbit' about the stronger tip generated vortices in a sinusoidal manner. The amplitude of the flap vortex oscillation increased at further distances downstream until a periodic bursting was observed in the tip vortices. Such a trend is consistent with the analysis set forth by Crow 4 . Visualization of the wake at various distances downstream of the model are shown in Figure 6 .
In 1999, the results of a numerical study into the most likely configurations for rapid wake attenuation were published by Rennich and Lele 18 . Rennich and Lele used a Navier-Stokes simulation to conclude that the most likely configurations for a rapid wake attenuation were those for which the four-vortex system translated rigidly. Those configurations lie along a cubic curve in the space defined by the ratio between the inner and outer vortex spans (b 2 /b 1 ) and the ratio between the circulation strengths of the inner and outer vortex pairs, respectively (Γ 2 /Γ 1 ). This relationship was only provided for a wake consisting of two, counter-rotating vortex pairs. On one side of the curve, the wake is said to behave in a divergent manner suggesting that the inner vortex pair is driven away from the outer vortex pair during far-field wake development. On the other side of the curve, the wake translation is said to be periodic as the inner vortex pair tends to orbit about the outer vortex pair. Figure 6 is an example of the periodic translation of a four-vortex system.
The numerical and experimental research outlined in this section clearly shows that a wake consisting of two pairs of counter-rotating vortices, i.e. a four-vortex system, can become unstable. Whether the wake becomes unstable depends upon the ratio of circulations of the vortices in the individual counter-rotating vortex pairs as well as the ratio of the vortex spans.
III. Design of an Experimental Set-Up
This paper presents an experimental study being conducted at the University of Notre Dame to develop instabilities in a trailing vortex wake. As was shown in the introduction, most of the earlier experimental studies have focused on a specific wing geometry or aircraft configuration. While showing that a four-vortex wake can be made unstable, these results are not easily generalized to other configurations. The facility that has been developed at Notre Dame provides a means to conduct a fundamental study of wake instabilities. The Notre Dame facility can create four vortices of either counter-rotating or co-rotating swirl. Furthermore, the spacing and strength of the vortices can be easily varied. This experimental set-up provides an opportunity to conduct experiments that will improve the understanding of the flow physics of the naturally-occurring, self-destructive nature of a four-vortex system. The goal of the Notre Dame study is to understand the flow physics of wake attenuation. To accomplish this goal we have developed an experimental facility that allows us to examine the controlling variables that create the necessary conditions for an unstable wake. In the following section, the requirements for the experimental set-up, the analysis techniques used to support the design, the rationale used in designing the experimental facility and verification that the facility produces a four-vortex wake will be presented.
To familiarize the reader with the finite vortex structure in the far-field of an aircraft wake, a description of the generation and evolution of aircraft wakes will be provided. The wake geometries studied in this research will serve as the basis for the numerical and experimental investigations presented in this text. Further, this description will provide a justification for the configurations of the current experiment. An aircraft wake may, for the purpose of analysis, be divided into two regions, the near-field and the far-field. The near field is closer in proximity to the wake generating aircraft and is characterized by a nearly constant maximum azimuthal velocity. The constant velocity is characteristic of the process by which vorticity shed from the wing rolls up into a finite vortex structure, which is described as the asymptotic stage of vortex sheet roll up 19 . The far-field region is characterized by a decay of the maximum azimuthal velocity, inversely proportional to the square root of time. It is in the far-field region that our study of vortex instabilities is conducted. In the far-field region, each vortex in the wake is considered as a finite structure. Inside the vortex core the vorticity is generally assumed to be constant, while the vorticity outside the core is assumed to be negligible. Since a wake encounter poses the greatest potential hazard during take-off and landing phases of flight, it is appropriate to study wake geometries generated by aircraft in high lift configurations.
The first high-lift configuration under study is the deployment of a single inboard flap. The single inboard flap is generally very close to the wing-fuselage junction, such that the vortex shed at the inboard edge of the flap is frequently destroyed by the turbulent flow near the fuselage. The vortex shed from the outboard edge of the flap is generally at a relatively large distance from the wing tip, such that it is unable to roll-up into a single core with the vortex shed at the wing tip. The resulting far-field wake geometry is two pairs of co-rotating vortices.
Similarly, one may wish to study the deployment of a single outboard flap for wake attenuation. In this scenario, the vortex shed from the outboard edge of the flap is close enough to the vortex shed near the wing tip such that the two vortices roll-up into a single vortex core in the nearfield. A numerical simulation of this roll-up process may be found in Bristol et al 20 , while Donaldson and Bilanin 21 cite an experimental investigation of this configuration. In this instance, the vortex shed at the inboard edge of the flap is far enough away from the wing-fuselage junction that there is not a rapid attenuation by the highly turbulent flow and consequently the vortex persists into the far-field of the wake. The resulting far-field wake geometry is two pairs of counter-rotating vortices. This configuration will become of special interest in the study of far-field wake vortex instabilities.
A. Numerical Design Study
Prior to the experimental investigation, a pair of two-dimensional, potential flow numerical simulations was written in Matlab. The code freevtx uses a potential flow model to predict the trajectory of a four-vortex wake in a given Trefftz plane, downstream of generation. It was assumed for this simulation that the vortices in the wake were generated by independent, rectangular wings of symmetric airfoil cross-section and an aspect ratio of 8. The code, freevtx does not account for any perturbation of the wake, either from the effects of wind-tunnel walls or atmospheric turbulence. Further, a second code ndtrack was written to assess the effects of the walls in the atmospheric boundary layer wind-tunnel in the Hessert Laboratory. A system of image vortices was used to model the test section walls in ndtrack. An additional set of image vortices was added at the corners to maintain the test section walls as streamlines in a given Trefftz plane. Using a single set of image vortices to model the walls produced a curvature effect near the corners. The additional set of image vortices was used to correct this curvature.
Additionally, a sensitivity study investigating the effect of the variation of Reynolds number was conducted to size an experimental model. The results from both freevtx and ndtrack were plotted on the same set of axes to determine the effect of the tunnel walls. As a basis for comparison, ndtrack was altered to match the experimental conditions and geometry presented by Ortega 22 and the third code was named ucbtrack. The ndtrack and ucbtrack results were compared in a Trefftz plane 30 spans downstream of generation. The sizing of the model in ndtrack was systematically varied to match the wall effects of those exhibited by the comparison of ucbtrack and freevtx. The resulting operational Reynolds number, based on chord length, for an experiment in the atmospheric tunnel was determined to be 5× (10) 4 . For comparison, the operational Reynolds number for the experiments presented by Ortega 22 were on the order of 10 5 .
B. Wake Generation Apparatus
In order to study trailing vortex instabilities, one needs to be able to examine the wake far downstream of generation. This requirement is difficult to meet in most low speed wind tunnels. However, atmospheric boundary layer wind tunnels, which are designed for studying architectural aerodynamics and turbulent boundary layers, typically have very long test sections. The atmospheric boundary layer wind tunnel at the University of Notre Dame can be operated as a conventional low speed wind tunnel. The free-stream turbulence intensity is approximately 0.5% when wall treatment and the jet turbulence generation box are not is use. Figure 10 is a sketch of the Notre Dame Atmospheric Boundary Layer Wind Tunnel. The tunnel has a cross-section that measures 1.52m × 1.52m and spans 15.24m in length.
Following the completion of the numerical study the Vortex Interaction Facility (VIF) was designed and constructed. The VIF uses four independent wing models, vertically mounted in the leading module of the atmospheric tunnel. The 508 mm span, 127 mm chord wing models were molded from black epoxy and are mounted to the floor of the wind tunnel via stepper motor. Each stepper motor serves to change the angle of attack of each wing model, effectively changing the circulation strength of each trailing vortex. The outer wing models are spaced a distance of 508 mm apart in an effort to model the wing tip vortices shed by an aircraft. The inner wing models are mounted through a 305 mm slot on the tunnel floor to allow for the easy translation of the inner wing models to simulate different high-lift configurations.
Preliminary studies have been completed to assess the researches capability of generating various wake configurations. The method for assessment of the performance of the VIF has been the use of helium bubble visualization. Neutrally-buoyant helium bubbles are injected into the flow field upstream of the four wing models and are readily entrained into the low pressure region of the vortex cores. A 300W spotlight is used downstream of the models for illumination of the bubbles. The walls of the test section have also been painted a flat black, for contrast with the illuminated bubbles, to aid in the recording of digital photo and video images. The 
IV. Experimental Results
To evaluate the four-vortex wake generating apparatus a series of preliminary flow visualization experiments were conducted. Helium bubbles were introduced into the flow field upstream of the wing model. In the near field of the wing tip, it was expected that a large percentage of the neutrally buoyant helium bubbles would become entrained in the core of the wake vortex, as the core is a region of low pressure within wake. Using an adjusted shutter speed, the bubbles appeared as a white streak tracking the vortex core. As expected, the majority of the injected bubbles were entrained in what appears to be the vortex core. The lighting of the flow field was also sufficient to visualize the bubble streaks. The vortex core in the near-field of one wing is shown in Figure  12 . The bubbles were found to be very robust and stayed intact the entire length of the tunnel.
After demonstrating that helium bubbles could be used to mark a trailing vortex, a multiple vortex system was examined at large distances downstream of generation. Two wings were used to generate a pair of vortices. Figure  13 is a photograph of the two vortices from 20 spans downstream. The wing models can be seen located immediately downstream of the flow conditioning screens. To minimize the reflection from the upstream screens the light source was inclined to the plane of the vortices. The orientation of the 300 W light to the vortex plane tends to cause a variation in the amount of light reflected from the bubbles along each core, as seen in Figure 13 .
Expanding the scope of these preliminary visualizations, a four-vortex model was investigated. Consistent with the referenced numerical and experimental studies, a counter-rotating system was investigated. The onset of instability was clearly observed when visualizing the four-vortex system. Because only two bubble generating heads are available, the two cores on the starboard side of the wake were seeded. It was assumed at this point that the wake is symmetric about the centerline, an assumption that will later be investigated.
Comparing the visualizations presented as figures 13 and 14, the rapid amplification of wake instabilities in the four-vortex wake, as compared to the twovortex wake, is clearly seen. One should also take note of the symmetry of the unstable waves. As predicted by Crow's analysis 4 , nature tends to prefer a symmetric instability mode. Crow 4 attributes the preference of a symmetric mode to the amount of turbulent kinetic energy available to excite certain modes of wavenumber, k. Kolmogorov similarity theory suggests that the amount of turbulent kinetic energy available to excite a given wavenumber is proportional to k
, which excites lower wavenumber modes with greater kinetic energy. Again following Crow 4 , the lower wavenumber (longer wavelength) modes are shown to only be unstable in the symmetric manner. The most recent stage of the project included the testing of a new wing design for the introduction of helium bubbles. The new wing model incorporates a 9 mm diameter copper tube molded into the wing model with a 5 mm wide slot milled near the wing tip. Using the new wing model, helium bubbles are delivered directly from the bubble generator, through the wing model and are introduced into the flow field at the wing tip. Using the new wing design alleviates the need for the bubble injection rake upstream of the wing models. Consequently, concerns about the turbulence introduced into the flow field as a result of the wake generated by the rake are alleviated. The latest flow visualizations included a test of a full set of bubble injection wings. As with the test of the single wing model, using a complete set of four bubble injection models yielded encouraging results. Photographs taken of the wake using the new models proved to be nearly identical to those that have been presented as Figure 14 . These results further suggest that injecting the helium bubbles directly through the wing model is a suitable method for the visualization of wake vortices.
V. Conclusions
Based upon analysis and the preliminary experiments that were discussed in this paper, the following conclusions have been drawn.
1. A unique experimental apparatus has been developed to generate a wake consisting of four vortices. A fourvortex wake was selected for this study as it represents a simplified model of an aircraft wake during take-off and landing configurations. The apparatus permits the control of the circulation strength of each vortex in the wake through the use of stepper motors, while the spacing of the wake vortices is controlled via the lateral movement of the individual wing models.
2. The facility may be used to study four-vortex wakes consisting of both co-rotating and counter-rotating vortex pairs.
3. The atmospheric boundary layer wind tunnel in the Hessert Laboratory at the University of Notre Dame is a well suited facility for this experiment as it allows for the visualization of the wake up to 30 spans (x/b 1 ) downstream of generation. At such distances downstream of generation, the wake is in the far-field region. Vortex instabilities in far-field region is the primary interest of this research.
4. The preliminary results presented in section IV successfully demonstrated the capacity of helium bubbles to track individual vortices in the far-field of a multi-vortex system . Symmetric instability modes were also observed in the far-field of the wake. These results compare favorably to the numerical results presented by Rennich and Lele18 and the experimental results published by Ortega et al 24 .
In the next phase of this study, detailed flow surveys using particle image velocimetry (PIV) will be conducted. To compliment a complete set of helium bubble visualizations, velocity measurements will be taken in various flow-normal (yz) planes. These measurements will be used to assess the potential hazards caused by selected wake configurations, such as downwash/upwash and induced rolling moments. Future quantitative data will also serve to identify the modes of instability which are responsible for wake attenuation.
